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We study the bottom Λb(6146)
0 baryon, newly discovered by the LHCb Collaboration. By adopt-
ing an interpolating current of (Lρ, Lλ) = (0, 2) type and D-wave nature with spin-parity quantum
numbers JP = 3
2
+
for this heavy bottom baryon, we calculate its mass and residue. The obtained
mass, mΛb = (6144±68) MeV is in accord nicely with the experimental data. The obtained value of
the residue of this state can be served as a main input in the investigation of various decays of this
state. We calculate the spectroscopic parameters of the c-partner of this state, namely Λc(2860)
+,
as well and compare the obtained results with the existing theoretical predictions as well as experi-
mental data. The results indicate that the state Λb(6146)
0 and its charmed-partner Λc(2860)
+ can
be considered as 1D-wave baryons with JP = 3
2
+
.
PACS numbers:
I. INTRODUCTION
The heavy baryons containing a heavy quark play an important role in our understanding of the strong interaction.
Their quark content makes them more attractive in point of studying the dynamics of light quarks when a heavy one is
present. The studies on the heavy baryons with one heavy quark could improve our understanding of the confinement
mechanism and provide us with test of the quark model and heavy quark symmetry. And also, the investigations
on their different properties could help us test the predictions obtained by different theoretical assumptions on their
internal organizations. Therefore, understanding the nature and properties of these baryons and their quantum
numbers by means of theoretical and experimental studies are of great importance.
In the last decades, the advances in experimental facilities and techniques led to the observations of many new
states. The new observations include the conventional hadrons and the exotic states. Some of the baryons with
single heavy quark content are among these states. In the Particle Data Group (PDG) listing [1] there exist seven
Λc states, which are Λ
+
c , Λc(2595)
+, Λc(2625)
+, Λc(2765)
+ (or Σc(2765)), Λc(2860)
+, Λc(2880)
+ and Λc(2940)
+. On
the other hand, there are a smaller number of listed Λb states, which are Λ
0
b, Λb(5912)
0 and Λb(5920)
0. Among these
states, the Λc(2860)
+ was discovered in 2017 by the LHCb Collaboration [2]. Besides the first observation of this
resonance by means of an amplitude analysis of Λb → D
0pπ− decay, the spin of Λc(2880)
+, which was firstly reported
by the CLEO Collaboration [3], was also confirmed in this work. The quantum numbers of the Λc(2860)
+ state were
reported as JP = 3/2+ and its measured mass and decay widths were presented as mΛc(2860)+ = 2856.1
+2.0
−1.7(stat) ±
0.5(syst)
+1.1
−5.6(model) MeV and ΓΛc(2860)+ = 67.6
+10.1
−8.1 (stat) ± 1.4(syst)
+5.9
−20.0(model) MeV [2], respectively. Recently,
the LHCb collaboration announced the observation of two bottom baryons with very close masses, which were reported
as mΛb(6146)0 = 6146.17± 0.33± 0.22± 0.16 MeV and mΛb(6152)0 = 6152.51± 0.26± 0.22± 0.16 MeV. Their respective
widths are ΓΛb(6146)0 = 2.9 ± 1.3 ± 0.3 MeV and ΓΛb(6152)0 = 2.1 ± 0.8 ± 0.3 MeV. According to their masses and
widths, they were interpreted as a Λb(1D)
0 doublet [4].
The properties of the heavy baryons with single heavy quark were studied by different approaches in the literature.
Among some of these studies, including analyses on their mass spectrum or decay mechanisms, are the various
quark models [5–32], relativistic flux tube model [33], heavy hadron chiral perturbation theory [34–38], QCD sum
rule method [39–47], light cone QCD sum rules [48–56], 3P0 model [57–64], Bethe-Salpeter formalism [65], lattice
QCD [66–69] and the bound state picture [70], etc. One may find more discussions about the related studies on the
singly heavy baryons in the Refs. [71–76] and the references therein.
In this work, we direct our attention to 1D-wave charmed and bottom baryons with spin- 32 . Although our main
focus is the bottom baryon Λb(6146)
0 that was recently observed by the LHCb Collaboration [4], we also consider its
charmed counterpart, Λc(2860)
+. We represent these two states as ΛQ where Q is used to represent either b or c quark.
Considering the proper interpolating currents for the considered states with quantum numbers (Lρ, Lλ) = (0, 2), we
2calculate the masses and the current coupling constants for these states using QCD sum rule approach [77–79].
The QCD sum rule method is a powerful nonperturbative method, which has provided successful predictions for
spectroscopic and decay properties of the hadrons, so far. The D-wave charmed baryons were analyzed via the QCD
sum rules in Refs. [42, 44]. In Ref. [42], both the charmed baryons and the bottom ones were considered in the
framework of heavy quark effective theory. Ref. [44] presented the mass results only for the charmed ones obtained
in full QCD. In our case, we shall consider both the bottom and charmed baryons with light u and d quark content
in full QCD. In the calculations, we adopt an interpolating current for the Λb state considering the suggestion of the
LHCb Collaboration as its possibly being one of 1D doublet of Λb states. This suggestion was made considering the
consistency of the mass of the observed Λb states with the predictions presented by the constituent quark model [7, 33].
Such spectroscopic analyses improve our understanding of the nature and structure of this baryons and contribute
to our understanding of the nonperturbative natures of the strong interaction. From the analyses, we may deduce
information about the quantum numbers of these states, as well. Beside these, another issue in baryon physics is the
so-called missing resonances problem. According to the quark model, three constituent quarks comprise the baryons
and, as a result, theoretically there should be more states compared to experimentally observed ones. One suggestion
to solve this problem is considering a heavy quark-light diquark picture, which reduces the number of excited states
as a result of the reduction of the number of degrees of freedom. Considering this, we adopt an interpolating current
in our calculation in the form of a heavy quark-light diquark with quantum numbers JP = 3/2+.
This paper has the following organization. In Sec. II we give the details of the QCD sum rules calculations for the
physical quantities. Section III is devoted to the numerical analyses and displaying of the results. The last section
contains a summary of the results and conclusions.
II. QCD SUM RULE CALCULATIONS FOR THE Λb AND Λc STATES
After choosing a proper interpolating current that carries the same quantum numbers and same quark field operators
in accordance with valance quark content, the following correlation function is chosen to calculate the spectroscopic
parameters of the states under consideration:
Πµν(q) = i
∫
d4xeiq·x〈0|T {Jµ(x)J¯ν(0)}|0〉, (1)
where T is time ordering operator and Jµ is the interpolating current with following explicit form [44]:
Jµ = ǫabc[∂α∂βu
T
aCγ5db + ∂αu
T
aCγ5∂βdb + ∂βu
T
aCγ5∂αdb + u
T
aCγ5∂α∂βdb](g
αµgβδ + gαδgβµ −
1
2
gαβgµδ)γδγ5Qc. (2)
In the above interpolating current, the Q represents b(c) quark field, C is charge conjugation operator and the indices
a, b and c display the colors.
One follows two paths to calculate the correlation function. In the first one, it is computed in terms of hadronic
degrees of freedom. This is done by saturation of the correlation function by a complete set of hadronic states with
the same quantum numbers of the interpolating current. After that the results emerge in terms of hadronic degrees
of freedom such as the current coupling constant and mass of the considered hadron. This procedure leads to
ΠHadµν (q) =
〈0|Jµ|ΛQ(q, s)〉〈ΛQ(q, s)|J¯ν |0〉
m2ΛQ − q
2
+ · · · . (3)
The · · · represents the contributions of the higher states and continuum. The matrix element 〈0|Jµ|ΛQ(q, s)〉 in
the last result is parameterized in terms of the current coupling constant, λΛQ , and spin vector in Rarit-Schwinger
representation, uµ(q, s), as
〈0|Jµ|ΛQ(q, s)〉 = λΛQuµ(q, s). (4)
When this matrix element is used in Eq. (3) we need to perform the following summation over spin s:
∑
s
uµ(q, s)u¯ν(q, s) = (6q +m)(−gµν +
γµγν
3
+
2qµqν
3m2ΛQ
−
qµγν − qνγµ
3mΛQ
), (5)
which recasts the result into the form
ΠHadµν (q) =
λ2Q(6q +mΛQ)
m2ΛQ − q
2
(−gµν +
γµγν
3
+
2qµqν
3m2ΛQ
−
qµγν − qνγµ
3mΛQ
) + · · · . (6)
3The interpolating current used in the calculations couples not only with spin- 32 states but also spin-
1
2 states.
Therefore to refrain from the contributions of spin- 12 states and isolate the terms related only to spin-
3
2 states, we
choose a proper Lorentz structure free from spin- 12 contribution. To this end, we consider the following matrix element
showing the coupling of the chosen current to spin- 12 states:
〈0|Jµ|
1
2
+
(q)〉 = C 1
2
+(γµ +
4qµ
m 1
2
+
)γ5u(q, s). (7)
This matrix element indicates that the terms containing γµ and qµ in the Lorentz structures take also contributions
from spin- 12 states due to the coupling of the current with them. To isolate the spin-
3
2 states we make our analyses
with the Lorentz structure 6qgµν . Finally, the hadronic side results in
Π˜Hadµν (q) = λ
2
ΛQe
−
m2ΛQ
M2 6qgµν + · · · , (8)
after the Borel transformation. Π˜Hadµν (q) represents the Borel transformed correlation function obtained for hadronic
side, the · · · in the last result stands for both the contributions coming from the other Lorentz structures and from
higher states and continuum.
The second step in the calculations is computation of the correlation function in terms of QCD degrees of freedom
such as QCD condensates, quark masses and QCD coupling. To accomplish this part of the calculations, the inter-
polating current is used explicitly in the correlator and possible contractions between the quark fields are carried out
using Wick’s theorem. This turns the result into a form containing heavy and light quark propagators:
ΠQCDµν = −i
∫
d4xeiqxǫabcǫa′b′c′
{
Tr
[[
∂αx ∂
β
x∂
α′
y ∂
β′
y S
aa′
u (x − y)
]
γ5CS
T,bb′
d (x− y)Cγ5
]
+ Tr
[[
∂αx ∂
β
x∂
α′
y S
aa′
u (x− y)
]
γ5C
[
∂β
′
y S
T,bb′
d (x − y)
]
Cγ5
]
+Tr
[[
∂αx ∂
β
x∂
β′
y S
aa′
u (x − y)
]
γ5C
[
∂α
′
y S
T,bb′
d (x− y)
]
Cγ5
]
+ Tr
[[
∂αx ∂
β
xS
aa′
u (x− y)
]
γ5C
[
∂α
′
y ∂
β′
y S
T,bb′
d (x − y)
]
Cγ5
]
+Tr
[[
∂αx ∂
α′
y ∂
β′
y S
aa′
u (x − y)
]
γ5C
[
∂βxS
T,bb′
d (x− y)
]
Cγ5
]
+ Tr
[[
∂αx ∂
α′
y S
aa′
u (x− y)
]
γ5C
[
∂βx∂
β′
y S
T,bb′
d (x − y)
]
Cγ5
]
+Tr
[[
∂αx ∂
β′
y S
aa′
u (x− y)
]
γ5C
[
∂βx∂
α′
y S
T,bb′
d (x− y)
]
Cγ5
]
+ Tr
[[
∂αxS
aa′
u (x− y)
]
γ5C
[
∂βx∂
α′
y ∂
β′
y S
T,bb′
d (x − y)
]
Cγ5
]
+Tr
[[
∂βx∂
α′
y ∂
β′
y S
aa′
u (x− y)
]
γ5C
[
∂αxS
T,bb′
d (x− y)
]
Cγ5
]
+ Tr
[[
∂βx∂
α′
y S
aa′
u (x− y)
]
γ5C
[
∂αx ∂
β′
y S
T,bb′
d (x − y)
]
Cγ5
]
+Tr
[[
∂βx∂
β′
y S
aa′
u (x − y)
]
γ5C
[
∂αx ∂
α′
y S
T,bb′
d (x− y)
]
Cγ5
]
+ Tr
[[
∂βxS
aa′
u (x− y)
]
γ5C
[
∂αx ∂
α′
y ∂
β′
y S
T,bb′
d (x − y)
]
Cγ5
]
+Tr
[[
∂α
′
y ∂
β′
y S
aa′
u (x − y)
]
γ5C
[
∂αx ∂
β
xS
T,bb′
d (x− y)
]
Cγ5
]
+ Tr
[[
∂α
′
y S
aa′
u (x− y)
]
γ5C
[
∂αx ∂
β
x∂
β′
y S
T,bb′
d (x − y)
]
Cγ5
]
+Tr
[[
∂β
′
y S
aa′
u (x− y)
]
γ5C
[
∂αx ∂
β
x∂
α′
y S
T,bb′
d (x− y)
]
Cγ5
]
+ Tr
[
Saa
′
u (x− y)γ5C
[
∂αx ∂
β
x∂
α′
y ∂
β′
y S
T,bb′
d (x− y)
]
Cγ5
]}
TαβµS
cc′
Q (x− y)Tα′β′ν , (9)
where ∂αx =
∂
∂xα
, ∂α
′
y =
∂
∂yα′
; and Sq(x − y) and SQ(x − y) are the light and heavy quark propagators,respectively.
We have also used the short-hand notation,
Tαβµ = (gαµgβδ + gαδgβµ −
1
2
gαβgµδ)γ
δγ5. (10)
In the last equation, after taking the derivatives we set y to zero. The propagators in Eq. (9) are used explicitly in
the calculations to obtain the QCD side of the sum rules. Their explicit forms are
Sq,ab(x) = iδab
/x
2π2x4
− δab
mq
4π2x2
− δab
〈qq〉
12
+ iδab
/xmq〈qq〉
48
− δab
x2
192
〈qgsσGq〉+ iδab
x2/xmq
1152
〈qgsσGq〉
−i
gsG
αβ
ab
32π2x2
[/xσαβ + σαβ/x]− iδab
x2/xg2s 〈qq〉
2
7776
, (11)
4and
SQ,ab(x) = i
∫
d4k
(2π)4
e−ikx
{
δab (/k +mQ)
k2 −m2Q
−
gsG
αβ
ab
4
σαβ (/k +mQ) + (/k +mQ)σαβ
(k2 −m2Q)
2
+
g2sG
2
12
δabmQ
k2 +mQ/k
(k2 −m2Q)
4
+
g3sG
3
48
δab
(/k +mQ)
(k2 −m2Q)
6
[
/k
(
k2 − 3m2Q
)
+ 2mQ
(
2k2 −m2Q
)]
(/k +mQ) + . . .
}
,
(12)
for the light and the heavy quark propagators in the coordinate space, respectively. The following notations are also
used in Eqs. (11) and (12):
Gαβab = G
αβ
A t
A
ab, G
2 = GAαβG
A
αβ , G
3 = fABCGAµνG
B
νδG
C
δµ, (13)
with A,B,C = 1, 2 . . . 8 and tA = λA/2. λA are the Gell-Mann matrices, and the GAαβ represent the gluon field
strength tensors. Insertion of the propagators into the correlation function is followed by Fourier and Borel transfor-
mations. Finally, continuum subtraction is applied and the following result is achieved:
Π˜QCD =
∫ s0
(mQ+mu+md)2
dse−
s
M2 ρ(s) + Γ. (14)
where s0 is the continuum threshold and ρ(s) is the spectral density obtained from the imaginary part of the of
correlation function, viz 1
pi
Im[ΠQCD]. In the analyses, as it was stated, to isolate the contribution coming only from
the spin- 32 states the Lorentz structure is chosen as 6qgµν . The standard calculations lead to the following results for
ρ(s) and Γ corresponding to this Lorentz structure:
ρ(s) = ρPert(s) + ρDim3(s) + ρDim4(s) + ρDim6(s),
(15)
where
ρPert(s) = −
∫ 1
0
dx
1
256π4(x− 1)2
(m2Q + s(x− 1))
3x4
[
m2Q(8x− 3) + s(3− 19x+ 16x
2)
]
θ[L(s, x)],
ρDim3(s) = −
∫ 1
0
dx
1
16π2
[
mu
(
〈u¯u〉 − 2〈d¯d〉
)
+md
(
〈d¯d〉 − 2〈u¯u〉
)]
x2
[
m4Q(8x− 1) + s
2(x− 1)2(12x− 1)
+ 2m2Qs(1 − 11x+ 10x
2)
]
θ[L(s, x)],
ρDim4(s) = −
∫ 1
0
dx
1
384π2(x− 1)2
〈
αs
π
G2〉x2
[
3s2(x− 1)4(12x− 1) +m4Q(−3 + 30x− 57x
2 + 40x3)
+ 2m2Qs(3 − 39x+ 102x
2 − 106x3 + 40x4)
]
θ[L(s, x)],
ρDim5(s) = 0,
ρDim6(s) =
∫ 1
0
dx
1
12288π4(x − 1)2
〈g3sG
3〉x5
[
7s(1− 10x+ 21x2 − 12x3)− 4m2Q(−6 + 5x+ 12x
2)
]
θ[L(s, x)],
(16)
and
Γ =
∫ 1
0
dxe
−
m2
Q
M2(1−x)
1
20480π4(x − 1)4
〈g3sG
3〉m4Q(x− 8)x
5. (17)
Here θ[...] is the usual unit-step function and
L(s, x) = sx(1 − x)−m2Qx. (18)
After completing the calculations for both the hadronic and QCD sides, the next stage is equating the coefficient
of the same Lorentz structure obtained from each side, that is 6qgµν , as a result we get
λ2ΛQe
−
m2ΛQ
M2 = Π˜QCD. (19)
5Parameters Values
mc 1.27 ± 0.02 GeV [80]
mb 4.18
+0.03
−0.02 GeV [80]
mu 2.16
+0.49
−0.26 MeV [80]
md 4.67
+0.48
−0.17 MeV [80]
〈q¯q〉(1GeV) (−0.24± 0.01)3 GeV3 [81]
m20 (0.8± 0.1) GeV
2 [81]
〈αs
pi
G2〉 (0.012 ± 0.004) GeV4[82]
〈g3sG
3〉 (0.57 ± 0.29) GeV6[83]
TABLE I: Some input parameters used in the calculations of the masses and current coupling constants.
Using this relation we obtain the masses of the considered hadrons and their current coupling constants. Thus, for
the mass we obtain
m2ΛQ =
d
d(− 1
M2
)
[ ∫ s0
(mQ+mu+md)2
dse−
s
M2 ρ(s) + Γ
]
[ ∫ s0
(mQ+mu+md)2
dse−
s
M2 ρ(s) + Γ
] , (20)
and the current coupling constant is obtained as
λ2ΛQ = e
m2ΛQ
M2
[ ∫ s0
(mQ+mu+md)2
dse−
s
M2 ρ(s) + Γ
]
. (21)
III. NUMERICAL ANALYSES
The results obtained in the previous section are numerically analyzed using the input parameters given in Table I
and the working windows of auxiliary parameters such as threshold parameter s0 and Borel parameterM
2. Although
our main focus in the present work is the mass and current coupling constant of Λb(6146)
0 state, for completeness we
also calculate the mass and current coupling constant for Λc(2860)
+ state.
To determine the working intervals for the auxiliary parameters we consider the criteria of the QCD sum rule
method such as the convergence of OPE and dominance of the pole contribution. Beside these requirements, the
dependencies of the results on these parameters are demanded to be relatively weak. As an asymptotic expansion,
the dominant contribution to the OPE side should come from perturbative contribution and the terms with higher
dimensions contribute less and less. To fix the lover limit of the Borel parameter we consider the convergence ratio,
CR(M2), that is the ratio of the contribution of the highest dimensional term in the OPE side to the total one and
it is given as
CR(M2) =
ΠDim6(M
2, s0)
Π(M2, s0)
. (22)
To determine the lover limit of Borel parameter we consider this ratio to be less than 5 % for ΛQ state. The pole
contribution, PC(M2) is considered to be larger or at least equal to the 10 % for the D-wave state,
PC(M2) =
Π(M2, s0)
Π(M2,∞)
≥ 0.10. (23)
Our analyses result in the following intervals of the Borel parameters:
5.2 GeV2 ≤M2 ≤ 6.2 GeV2, (24)
for Λb state and
2.8 GeV2 ≤M2 ≤ 3.2 GeV2, (25)
for Λc state. In the analyses, the working windows of the threshold parameters, s0 are decided as
41.5 GeV2 ≤ s0 ≤ 43.3 GeV
2, (26)
6The state Mass (MeV) Current coupling constant λ (GeV5)
Λb 6144 ± 68 0.264 ± 0.039
Λc 2855 ± 66 0.080 ± 0.012
TABLE II: The results of the masses and current coupling constants obtained for 1D wave Λb and Λc states with J
P = 3
2
+
.
for Λb state and
10.8 GeV2 ≤ s0 ≤ 11.6 GeV
2, (27)
for Λc state. In these intervals the variations of the physical quantities with respect to the changes of s0 are weak. The
weak dependencies of the results on the auxiliary parameters form the main parts of the errors present in predictions
of the QCD sum rules method. With these errors and the errors coming from the other input parameters used in the
analyses our results are presented in Table II. To display the dependencies of our results onM2 and s0 we also present
Fig. 1 showing the variations of mass and current coupling constant of Λb state as functions of M
2 and s0. This figure
shows mild dependencies of the results on these parameters, as expected. Note that, as the interpolating currents
for the D-wave baryons contain second order derivatives their residues or current coupling constants are obtained in
GeV5 against the usual S-wave and P -wave baryonic states that these quantities are in GeV3.
FIG. 1: Left: The variation of the mass mΛb as a function of Borel parameter M
2 and threshold parameters s0. Right: The
variation of the current coupling constant λΛb as a function of Borel parameter M
2 and threshold parameters s0.
IV. DISCUSSION AND CONCLUSION
We calculated the mass and the current coupling constant of the recently observed Λb(6146)
0 state assigning its
quantum numbers as JP = 32
+
. This state together with the Λb(6152)
0 (probably a 1D-wave state with JP = 52
+
) form
a Λb(1D)
0 doublet [4, 7, 33]. Based on the provided information by recent experimental results, we choose a D-wave
type interpolating current for Λb(6146)
0 state. For completeness, we also calculated the spectroscopic parameters of
its charmed partner Λc state with the same quantum numbers. The result for the mass of the Λb state was obtained to
be mΛb = (6144± 68) MeV, which is in a good consistency with other theoretical predictions: mΛb = 6147 MeV [33],
mΛb = 6190 MeV [18], mΛb = 6181 MeV [17], mΛb = 6145 MeV [7], mΛb = 6149 MeV [84], and 6.01
+0.20
−0.12 GeV [42].
Our result on the mass of the Λb is in accord with the experimental data of the LHCb Collaboration, as well. This
supports the Λb(6146)
0 state to be a 1D-wave resonance with quantum numbers JP = 32
+
.
The mass result obtained for 1D wave Λc state with J
P = 32
+
is mΛc = (2855± 66) MeV, which is also consistent,
within the errors, with the predictions of Refs. [7, 17, 18, 25, 33, 42, 44] given as mΛc = 2857 MeV, mΛc = 2874 MeV,
mΛc = 2887 MeV,mΛc = 2910 MeV,mΛc = 2843 MeV,mΛc = 2.81
+0.33
−0.18 GeV, andmΛc = 2.83
+0.15
−0.24 GeV, respectively.
Our result is also in agreement with experimentally observed mass value for Λc(2860)
+ state which is mΛc(2860)+ =
2856.1+2.3
−6.0 MeV. This can be considered as another support to assign these states as resonances in b and c 1D-wave
channels with spin-parity JP = 32
+
.
7The results obtained for the spectroscopic parameters and the nature and quantum numbers of the states under
study may be supported by further analyses on the electromagnetic, strong or weak decay processes of these states.
We plan to make such analyses using the same interpolating currents in a future study. Such investigations will
complete our knowledge on the new resonances of heavy baryons. The results obtained for the residues or current
coupling constants of these states can be used as the main inputs in investigation of various decay properties of these
states.
[1] M. Tanabashi et al. [Particle Data Group], Phys. Rev. D 98, no. 3, 030001 (2018).
[2] R. Aaij et al. [LHCb Collaboration], JHEP 1705, 030 (2017) [arXiv:1701.07873 [hep-ex]].
[3] M. Artuso et al. [CLEO Collaboration], Phys. Rev. Lett. 86, 4479 (2001) [hep-ex/0010080].
[4] R. Aaij et al. [LHCb Collaboration], Phys. Rev. Lett. 123, no. 15, 152001 (2019) [arXiv:1907.13598 [hep-ex]].
[5] L. A. Copley, N. Isgur, and G. Karl, Phys. Rev. D 20, 768 (1979); Erratum, Phys. Rev. D 23, 817(E) (1981).
[6] K. Maltman and N. Isgur, Phys. Rev. D 22, 1701 (1980).
[7] S. Capstick and N. Isgur, Phys. Rev. D 34, 2809 (1986) [AIP Conf. Proc. 132, 267 (1985)].
[8] M. A. Ivanov, J. G. Korner, and V. E. Lyubovitskij, Phys. Lett. B 448, 143 (1999) [hep-ph/9811370].
[9] M. A. Ivanov, J. G. Korner, V. E. Lyubovitskij and A. G. Rusetsky, Phys. Rev. D 60, 094002 (1999) [hep-ph/9904421].
[10] F. Hussain, J. G. Korner and S. Tawfiq, Phys. Rev. D 61, 114003 (2000) [hep-ph/9909278].
[11] D. Ebert, R. N. Faustov, and V. O. Galkin, Phys. Rev. D 72, 034026 (2005), [hep-ph/0504112].
[12] C. Albertus, E. Hernandez, J. Nieves and J. M. Verde-Velasco, Phys. Rev. D 72, 094022 (2005) [hep-ph/0507256].
[13] H. Garcilazo, J. Vijande and A. Valcarce, J. Phys. G 34, 961 (2007), [hep-ph/0703257].
[14] X. H. Zhong and Q. Zhao, Phys. Rev. D 77, 074008 (2008) [arXiv:0711.4645 [hep-ph]].
[15] D. Ebert, R. N. Faustov and V. O. Galkin, Phys. Lett. B 659, 612 (2008). [arXiv:0705.2957 [hep-ph]].
[16] A. Valcarce, H. Garcilazo and J. Vijande, Eur. Phys. J. A 37, 217 (2008), [arXiv:0807.2973 [hep-ph]].
[17] W. Roberts and M. Pervin, Int. J. Mod. Phys. A 23, 2817 (2008), [arXiv:0711.2492 [nucl-th]].
[18] D. Ebert, R. N. Faustov and V. O. Galkin, Phys. Rev. D 84, 014025 (2011) [arXiv:1105.0583 [hep-ph]].
[19] E. Hernandez and J. Nieves, Phys. Rev. D 84, 057902 (2011) [arXiv:1108.0259 [hep-ph]].
[20] L. H. Liu, L. Y. Xiao, and X. H. Zhong, Phys. Rev. D 86, 034024 (2012) [arXiv:1205.2943 [hep-ph]].
[21] M. Karliner and J. L. Rosner, Phys. Rev. D 92, 074026 (2015), [arXiv:1506.01702 [hep-ph]].
[22] T. Yoshida, E. Hiyama, A. Hosaka, M. Oka, and K. Sadato, Phys. Rev. D 92, 114029 (2015), [arXiv:1510.01067 [hep-ph]].
[23] Z. Shah, K. Thakkar, A. Kumar Rai and P. C. Vinodkumar, Eur. Phys. J. A 52, 313 (2016), [arXiv:1602.06384 [hep-ph]].
[24] Z. Shah, K. Thakkar, A. K. Rai, and P. C. Vinodkumar, Chin. Phys. C 40, 123102 (2016), [arXiv:1609.08464 [nucl-th]].
[25] B. Chen, K. W. Wei, X. Liu and T. Matsuki, Eur. Phys. J. C 77, 154 (2017), [arXiv:1609.07967 [hep-ph]].
[26] K. Thakkar, Z. Shah, A. K. Rai, and P. C. Vinodkumar, Nucl. Phys. A 965, 57 (2017), [arXiv:1610.00411 [nucl-th]].
[27] K. L. Wang, Y. X. Yao, X. H. Zhong and Q. Zhao, Phys. Rev. D 96, 116016 (2017) [arXiv:1709.04268 [hep-ph]].
[28] B. Chen and X. Liu, Phys. Rev. D 98, 074032 (2018), [arXiv:1810.00389 [hep-ph]].
[29] K. L. Wang, Q. F. Lu¨ and X. H. Zhong, Phys. Rev. D 99, 014011 (2019) [arXiv:1810.02205 [hep-ph]].
[30] H. Nagahiro, S. Yasui, A. Hosaka, M. Oka and H. Noumi, Phys. Rev. D 95, 014023 (2017) [arXiv:1609.01085 [hep-ph]].
[31] Y. X. Yao, K. L. Wang and X. H. Zhong, Phys. Rev. D 98, 076015 (2018) [arXiv:1803.00364 [hep-ph]].
[32] K. L. Wang, Q. F. L and X. H. Zhong, arXiv:1908.04622 [hep-ph].
[33] B. Chen, K. W. Wei and A. Zhang, Eur. Phys. J. A 51, 82 (2015) [arXiv:1406.6561 [hep-ph]].
[34] M. Q. Huang, Y. B. Dai and C. S. Huang, Phys. Rev. D 52, 3986 (1995); Erratum: [Phys. Rev. D 55, 7317 (1997)].
[35] M. C. Banuls, A. Pich, and I. Scimemi, Phys. Rev. D 61, 094009 (2000) [hep-ph/9911502].
[36] H. Y. Cheng and C. K. Chua, Phys. Rev. D 75, 014006 (2007) [hep-ph/0610283].
[37] H. Y. Cheng and C. K. Chua, Phys. Rev. D 92, 074014 (2015) [arXiv:1508.05653 [hep-ph]].
[38] N. Jiang, X. L. Chen, and S. L. Zhu, Phys. Rev. D 92, 054017 (2015) [arXiv:1505.02999 [hep-ph]].
[39] S. L. Zhu, Phys. Rev. D 61, 114019 (2000) [hep-ph/0002023].
[40] Z. G. Wang, Eur. Phys. J. A 47, 81 (2011) [arXiv:1003.2838 [hep-ph]].
[41] Q. Mao, H. X. Chen, W. Chen, A. Hosaka, X. Liu and S. L. Zhu, Phys. Rev. D 92, 114007 (2015) [arXiv:1510.05267
[hep-ph]].
[42] H. X. Chen, Q. Mao, A. Hosaka, X. Liu and S. L. Zhu, Phys. Rev. D 94, no. 11, 114016 (2016) [arXiv:1611.02677 [hep-ph]].
[43] Q. Mao, H. X. Chen, A. Hosaka, X. Liu, and S. L. Zhu, Phys. Rev. D 96, 074021 (2017) arXiv:1707.03712 [hep-ph].
[44] Z. G. Wang, Nucl. Phys. B 926, 467 (2018) [arXiv:1705.07745 [hep-ph]].
[45] T. M. Aliev, K. Azizi, Y. Sarac and H. Sundu, Phys. Rev. D 99, no. 9, 094003 (2019) [arXiv:1811.05686 [hep-ph]].
[46] T. M. Aliev, K. Azizi, Y. Sarac and H. Sundu, Phys. Rev. D 98, no. 9, 094014 (2018) [arXiv:1808.08032 [hep-ph]].
[47] E. L. Cui, H. M. Yang, H. X. Chen and A. Hosaka, Phys. Rev. D 99, no. 9, 094021 (2019) [arXiv:1903.10369 [hep-ph]].
[48] H. X. Chen, Q. Mao, W. Chen, A. Hosaka, X. Liu, and S. L. Zhu, Phys. Rev. D 95, 094008 (2017) [arXiv:1703.07703
[hep-ph]].
[49] S. S. Agaev, K. Azizi, and H. Sundu, Phys. Rev. D 96, 094011 (2017) arXiv:1708.07348 [hep-ph].
[50] S. L. Zhu and Y. B. Dai, Phys. Rev. D 59, 114015 (1999) [hep-ph/9810243].
[51] Z. G. Wang, Eur. Phys. J. A 44, 105 (2010) [arXiv:0910.2112 [hep-ph]].
8[52] Z. G. Wang, Phys. Rev. D 81, 036002 (2010) [arXiv:0909.4144 [hep-ph]].
[53] T. M. Aliev, K. Azizi, and A. Ozpineci, Phys. Rev. D 79, 056005 (2009) [arXiv:0901.0076 [hep-ph]].
[54] T. M. Aliev, K. Azizi, and M. Savci, Phys. Lett. B 696, 220 (2011) [arXiv:1009.3658 [hep-ph]].
[55] T. M. Aliev, K. Azizi, and H. Sundu, Eur. Phys. J. C 75, 14 (2015) [arXiv:1409.7577 [hep-ph]].
[56] T. M. Aliev, T. Barakat, and M. Savcı, Phys. Rev. D 93, 056007 (2016) [arXiv:1603.04762 [hep-ph]].
[57] C. Chen, X. L. Chen, X. Liu, W. Z. Deng, and S. L. Zhu, Phys. Rev. D 75, 094017 (2007) [arXiv:0704.0075 [hep-ph]].
[58] D. D. Ye, Z. Zhao, and A. Zhang, Phys. Rev. D 96, 114003 (2017) [arXiv:1710.10165 [hep-ph]].
[59] D. D. Ye, Z. Zhao and A. Zhang, Phys. Rev. D 96, no. 11, 114009 (2017) [arXiv:1709.00689 [hep-ph]].
[60] P. Yang, J. J. Guo and A. Zhang, Phys. Rev. D 99, 034018 (2019), [arXiv:1810.06947 [hep-ph]].
[61] B. Chen, X. Liu and A. Zhang, Phys. Rev. D 95, 074022 (2017), [arXiv:1702.04106 [hep-ph]].
[62] J. J. Guo, P. Yang and A. Zhang, Phys. Rev. D 100, 014001 (2019) [arXiv:1902.07488 [hep-ph]].
[63] Q. F. L and X. H. Zhong, arXiv:1910.06126 [hep-ph].
[64] W. Liang, Q. F. L and X. H. Zhong, Phys. Rev. D 100, no. 5, 054013 (2019) [arXiv:1908.00223 [hep-ph]].
[65] X. H. Guo, K. W. Wei and X. H. Wu, Phys. Rev. D 77, 036003 (2008) [arXiv:0710.1474 [hep-ph]].
[66] M. Padmanath, R. G. Edwards, N. Mathur, and M. Peardon, arXiv:1311.4806 [hep-lat].
[67] P. Pe´rez-Rubio, S. Collins, and G. S. Bali, Phys. Rev. D 92, 034504 (2015) [arXiv:1503.08440 [hep-lat]].
[68] H. Bahtiyar, K. U. Can, G. Erkol, and M. Oka, Phys. Lett. B 747, 281 (2015) [arXiv:1503.07361 [hep-lat]].
[69] H. Bahtiyar, K. U. Can, G. Erkol, M. Oka, and T. T. Takahashi, Phys. Lett. B 772, 121 (2017) [arXiv:1612.05722 [hep-lat]].
[70] C. K. Chow, Phys. Rev. D 54, 3374 (1996) [hep-ph/9510421].
[71] J. M. Richard, Phys. Rept. 212, 1 (1992).
[72] J. G. Korner, M. Kramer, and D. Pirjol, Prog. Part. Nucl. Phys. 33, 787 (1994) [hep-ph/9406359].
[73] E. Klempt and J. M. Richard, Rev. Mod. Phys. 82, 1095 (2010) [arXiv:0901.2055 [hep-ph]].
[74] V. Crede and W. Roberts, Rep. Prog. Phys. 76, 076301 (2013) [arXiv:1302.7299 [nucl-ex]].
[75] H. Y. Cheng, Front. Phys. 10, 101406 (2015).
[76] H. X. Chen, W. Chen, X. Liu, Y. R. Liu, and S. L. Zhu, Rep. Prog. Phys. 80, 076201 (2017) [arXiv:1609.08928 [hep-ph]].
[77] M. A. Shifman, A. I. Vainshtein and V. I. Zakharov, Nucl. Phys. B 147, 385 (1979).
[78] M. A. Shifman, A. I. Vainshtein and V. I. Zakharov, Nucl. Phys. B 147, 448 (1979).
[79] B. L. Ioffe, Nucl. Phys. B 188, 317 (1981) Erratum: [Nucl. Phys. B 191, 591 (1981)].
[80] M. Tanabashi et al. [Particle Data Group], Review of Particle Physics, Phys. Rev. D 98, 030001 (2018)
[81] V. M. Belyaev and B. L. Ioffe, Sov. Phys. JETP 56, 493 (1982) [Zh. Eksp. Teor. Fiz. 83, 876 (1982)].
[82] V. M. Belyaev and B. L. Ioffe, Sov. Phys. JETP 57, 716 (1983) [Zh. Eksp. Teor. Fiz. 84, 1236 (1983)].
[83] S. Narison, Nucl. Part. Phys. Proc. 270-272, 143 (2016) [arXiv:1511.05903 [hep-ph]].
[84] B. Chen, S. Q. Luo, X. Liu and T. Matsuki, Phys. Rev. D 100, no. 9, 094032 (2019) [arXiv:1910.03318 [hep-ph]].
